OpenSees is a well-recognized open source platform with high compatibility, and it has a well-developed fiber element method to cope with nonlinear structural analysis. Fiber reinforced polymer (FRP) confined concrete can effectively improve the seismic performance of concrete structures. However, sophisticated constitutive models for FRP confined concrete are not available in the current version of OpenSees. In this paper, after reviewing several typical FRP confined concrete constitutive models, a modified constitutive model for FRP confined concrete in circular sections was proposed based on Lam and Teng (2003) 's model with four main modifications including the determination of FRP rupture strain, ultimate condition, envelope shape, and hysteretic rules. To embed the proposed constitutive model into OpenSees is a practical solution for engineering simulation. Hence, the secondary development of OpenSees New UserMat was briefly demonstrated and a set of critical steps were depicted in a flow chart. Finally, with the numerical implementations of a series of FRP confined concrete members covering a wide range of load cases, FRP confinement types and geometric properties, the utility and accuracy of the proposed model compared with Lam and Teng (2003) 's model and new material secondary development in OpenSees were well validated.
Introduction
Lateral confinement of concrete enhances its strength and ductility significantly. By utilizing steel or fiber reinforced polymer (FRP) as confinement material, confined concrete has a higher strength and deformation capacity compared with unconfined concrete due to the tri-axial compressive status with respect to lateral confining. As a result, confined concrete has been increasingly applied in civil engineering, especially in seismic design (Park et al., 1982; Mander et al., 1988a; Shams and Saadeghvaziri, 1997) . As a promising option for engineering applications, FRP have been widely introduced into the application of confined concrete, and its confinement can greatly enhance the compressive strength and ultimate strain of concrete at the same time (Samaan et al., 1998; Toutanji, 1999) .
In early studies of confined concrete, the uniaxial constitutive models for steel confined concrete and FRP confined concrete were the same. However, a number of research groups showed that significant differences exist between FRP confined and steel confined concrete and that its direct use is inappropriate. This is because in most steel confined concrete models (Mander et al., 1988b) , a constant confining pressure is assumed, which is the case of steel confined concrete when the steel is in plastic flow, but not the case for FRP confined concrete. As FRP composites tend to remain linearly elastic until final rupture, the lateral confining pressure in FRP confined concrete increases continuously with the increasingly hoop enlarging.
Considerable progress has been achieved in developing a constitutive model for describing FRP confined concrete over the last three decades. All these stress strain models can be classified into two categories: (a) design-oriented models, and (b) analysis-oriented models. Even though the analysisoriented models have advantages in describing detailed mechanical behavior with the inevitable complexity of the incremental process, the designoriented models can be much more effectively and practically used in engineering design. According to a comprehensive review and assessment of the FRP confined concrete constitutive models including design-oriented and analysis-oriented ones , the design-oriented models generally performed better in predicting the ultimate strength and strain enhancement ratios. Among several typical design-oriented constitutive models listed in Table 1 , the one proposed by Lam and Teng (2003) is simple and accurate in depicting the strength and ductility of FRP confined concrete members, and therefore playing an important role in their structural analysis and design). In consistence with the assessment result calibrated by 730 FRP confined concrete cylinders test database, Lam and Teng (2003) 's model is one of the top performing models . He et al. (2013) modified Lam and Teng (2003) 's model slightly for analyzing FRP piers or columns. In this paper, the modified constitutive model, in which the ambiguity on selecting parameters empirically has been reduced, is more comprehensive and much better results are expected.
The fiber element method, which makes the structural modeling process more concise and efficient than the traditional finite element method, can be regarded as a distributed beam-system finite element method, i.e., the fiber element model is set up on the basis of a beam-system structural mechanics and uniaxial constitutive model of materials. In the fiber section, the assumptions that each fiber possesses its unique uniaxial constitutive material property, and no relative slippage exists between different fibers have been straightforwardly carried out. Spacone et al. (1996) and Monti and Spacone (2000) demonstrated the utility of the fiber element method in dealing with structural nonlinear analysis, and showed that the efficiency raised by the decrease of computational degree of freedom (DOF) and the accuracy of analysis can be successfully achieved at the same time. The schematic depiction of the fiber section of FRP confined concrete is shown in Fig. 1 .
OpenSees is an open framework with high compatibility and extendibility originally developed at University of California, Berkeley and currently supported by the American Pacific Earthquake Engineering Research Center (PEER) and an ever growing community. It has been utilized by the PEER based on object oriented C++ language source code since 1997. The OpenSees platform has embedded a fiber element method into its framework since it was first launched. Therefore, the nonlinear structural analysis based on the fiber element method can be completely conducted in OpenSees software mainly Lam and Teng (2003) 's model is proposed in this paper and seamlessly embedded into OpenSees through UserMat secondary development to further broaden its application in structural analysis in combination with the efficient fiber element method.
A modified FRP confined concrete model
The constitutive model proposed by Lam and Teng (2003) is a promising and prevalent designoriented model which combines a modified Hognestad (1951) 's parabola as the first branch. The envelope curve and its expressions are shown below and depicted in Fig. 2 :
where σ c and ε c are the axial stress and axial strain of unconfined concrete, respectively; f 0 is the intercept of the stress axis by the linear second branch; ε t is the transition strain; ε cu is the ultimate strain of the FRP confined concrete; E c is Young's Modulus of concrete; and E 2 is the slope of the linear second portion.
In previous studies, some codes like BS 8110 (1997) and some research like Miyauchi et al. (1999) used Hognestad (1951) 's parabola to describe the ascending branch of the constitutive model, which is given by 2 * c c c c 0 c0 c0
where f c0 * is the compressive strength of unconfined concrete. However, the model above cannot mirror the process of gradual development of FRP confinement. Therefore, a modified parabola should be able to reflect the development of the confinement effect with axial strain increase as given in Eq. (1). As to the linear second branch, the use of slope and intercept with the stress axis proposed by Samaan et al. (1998) was adopted in Lam and Teng (2003) 's model. Compared to existing test results, this approximation has been verified to offer a rational and concise approach as shown in Eq. (1). The parabolic first branch transits to the linear second branch smoothly at transition strain ε t , which is given as
where cc f  is the compressive strength of the FRP confined concrete.
Based on the general shape of stress-strain curve described above, the determination of three parameters including ultimate strength f cc ′, ultimate strain ε cu , and intercept stress f 0 is critical to constitutive model. In Lam and Teng (2003) 's model, it is suggested that the intercept stress f 0 be equal to the compressive strength of unconfined concrete f c0 * (f 0 =f c0 * ) for simplicity. As to the ultimate condition of FRP confined concrete, it is directly related to the ultimate transverse tension of FRP material which accordingly provides the maximum confining pressure on confined concrete. The actual maximum confining pressure f l,a is assumed to be controlled by the FRP rupture strain ε h,rup instead of the ultimate strain ε FRP achieved in tensile coupon test, and it usually can be much smaller than the ideal maximum confining pressure f l . In this way, a so-called FRP strain reduction factor k ε was defined to describe the ratio between ε rup and ε FRP , i.e., h,rup FRP / .
Then, the actual confining pressure at ultimate condition f l,a can be calculated by
where D is the diameter, E FRP is the Young's modulus of FRP, and t FRP is the thickness of FRP layer. However, several deficiencies still remain when using this FRP confined concrete constitutive model in practical applications. Four major modifications have been proposed to further make Lam and Teng (2003) 's model more generally practical and accurate, which are given below.
1. FRP strain reduction factor k ε is essential to the shape of the model; however, the specific value suggested in Lam and Teng (2003) 's model for different types of FRP confinement is not general and accurate enough. It is suggested that it should be determined by the unconfined concrete strength f c0 * and elastic modulus of FRP fibers E FRP for each practical case. Ozbakkaloglu and Akin (2012) reported that an increase of unconfined concrete strength results in a decrease of FRP rupture strain ε h,rup , and an increase in elastic modulus of FRP E FRP also has an adverse influence in ε h,rup . Based on the multivariable regression analysis covering 976 FRP confined specimens during the last two decades , the expression of FRP rupture strain can be statistically quantified as 3 6 c0 f 0.9 2.3 10 0.75
where 10 5 MPa≤E f ≤6.4×10 5 MPa.
The expression above is able to predict the FRP strain reduction factor k ε with an unconfined concrete strength up to 120 MPa, and confined by any FRP types of carbon FRP (CFRP), aramid FRP (AFRP), and glass FRP (GFRP). With this modification, the accurate approximation of actual ultimate confining pressure f l,a for each specific case can be achieved.
2. Lam and Teng (2003) 's model was proposed based on a database that mostly consists of FRP confined normal-strength concrete (90% of specimens' concrete strength is less than 43 MPa).
In Lam and Teng (2003) 's model, the ultimate stress and ultimate strain were calculated by
However, with the increase of unconfined concrete strength f c0 * , the normalized ultimate coefficients of stress and strain should be modified instead of being specified as 1 and 1.75, respectively. The expression of ultimate stress need to be further modified to fit both normal-strength concrete and high-strength concrete. Therefore, the expressions of ultimate strain can be calculated by
According to the study of a combined database that covers unconfined concrete strength ranging from 6.2 to 169.7 MPa , the normalized ultimate coefficients c 2 can be statistically determined as
As to the expression of ultimate stress, the definition of FRP stiffness threshold K lo needs to be first introduced. It is a minimum threshold for FRP confinement stiffness K l to make FRP confined concrete exhibit a full strain-hardening; otherwise an initial strain softening will happen due to the insufficient confinement.
  
where k 1 =3.18 for wrapped FRP, and k 1 =2.89 for FRP tube. 3. The relationship between the intercept stress f 0 and compressive strength of unconfined concrete f c0 * is recommended to be further specified other than assumed to be equal for simplicity, because f 0 conspicuously influences the parameters of the linear second branch and the transition strain ε t . According to the statistical database of 42 FRP tests we collected in this study, an average value of f 0 =1.105f c0 * is adopted with a standard deviation of 0.127. With more than a 10% value compared to Lam and Teng (2003) 's model, the modified model can be more accurate in predicting mechanical behavior of FRP confined concrete.
4. An hysteretic model, which combines the envelope curve above with the unloading and reloading rule derived empirically, was proposed by Lam and Teng (2009) . Though hysteretic behavior can be accurately described by the complicated unloading and reloading rule, it can be classified into analysis-oriented models which are more feasible in expensive numerical simulations instead of designoriented ones.
In the proposed modified model, the hysteretic model is suggested to be simplified to make the model more practical and so-called design-oriented. The hysteresis criteria proposed by Karsan and Jirsa (1969) is adopted here, which has proved to be applicable and effective in an OpenSees platform. Several basic assumptions here include ignoring the tensile strength of concrete, linear unloading, and path dependence. The unloading stiffness E u degrades with the accumulation of residual deformation to reflect the stiffness deterioration phenomenon under cyclic loading. The hysteretic rule of proposed modified model is shown in Fig. 2 .
To this end, an unloading end strain is given to further determine the unloading stiffness as 
where c t / .
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Then the unloading and reloading stiffness can be simplified as
In the ductile deformation phase, it is obvious that a higher ε c leads to a smaller σ c /(ε c −ε end ), so that the deterioration of the concrete unloading stiffness is conspicuous.
Implementation and coding in OpenSees
To make the design-oriented constitutive model modified in this paper implemented in a practical case, it is embedded as new user-defined material into an OpenSees platform, which comes with a complete secondary development interface for user-defined material based on the C++ language. During the whole process of the structural modeling based on OpenSees, materials and elements are separate and independent so that all existing elements can be compatible with the new user-defined material. According to the uniaxial constitutive model illustrated above, the inherent UniaxialMaterial model in the OpenSees abstract categories should be selected for consistency. The flow chart demonstrates how to introduce new uniaxial material into OpenSees, and it is specifically emphasized and shown in detail in Appendix A. All the necessary details associated the implementation of a new uniaxial material are presented in Appendix B and Appendix C.
Numerical implementations
Based on the modified FRP confined concrete constitutive model proposed above and new material secondary development in the OpenSees platform, a series of numerical implementations have been conducted to verify the feasibility and accuracy of this study. First, a group of monotonic axial loading tests with different unconfined concrete strengths f c0 * and numbers of FRP layer were brought to calibrate the envelope curve of the modified model. Then the numerical simulations of three typical cyclic loading tests with different FRP confinement types were carried out to further calibrate the hysteretic performance of modified model.
In addition, several basic modeling assumptions in OpenSees are given as follows:
1. The proposed modified strain stress relationships for confined concrete, the existing material constitutive models in OpenSees Concrete02 and Steel02 for plain concrete and steel respectively are adopted.
2. The axial stiffness of FRP material is omitted, that is, only the lateral confinement effect provided by FRP is taken into consideration.
3. Original plane cross sections remain plane during the whole analysis process.
4. The effect of concrete density, steel initial imperfections and residual stress are neglected. The DispBeamColumn element based on displacement beam formulation is mostly adopted instead of the NonlinearBeamColumn element based on force formulation in this set of nonlinear structural analysis.
Monotonic axial loading tests
A series of representative monotonic axial loading tests were conducted by Xiao and Wu (2000) . The key parameters taken into account were the compressive strength of concrete and the confinement effect of the FRP jacket. All circular members have a height of 305 mm and a diameter of 152 mm, and the elastic modulus of the FRP composite E FRP is 105 GPa. The other basic information of each FRP confined member excluding those failed due to deficient ε h,rup in this verification study is summarized as shown in Table 2 .
Here we present three typical groups' results (XY-1, XY-2, and XY-3) focusing on the change of unconfined concrete strength and the FRP confinement effect to calibrate the accuracy of the proposed modified envelope curve.
Results between tests, prediction of Lam and Teng (2003) 's model, and proposed modified model are presented in Fig. 3 . It can be clearly seen that the model carried out better simulations than Lam and Teng (2003) 's model for FRP confined columns with a wide range of unconfined concrete strength and FRP confinement, especially for the high-strength concrete. The stress strain curves indicated a satisfactory correlation in both the parabola and linear sections of the whole monotonic axial loading process. Although the ultimate stress of prediction is a little bit lower than the result of the tests, the stiffness of strain-hardening branch E 2 is exactly in good agreement. Generally, the proposed modified constitutive model and its secondary development based on OpenSees can capture the axial stress-strain behavior of FRP confined concrete, and its performance is better than Lam and Teng (2003) 's model with several effective improvements given below.
First, the prediction of the proposed modified model of ultimate condition is more accurate and scientific owing to the statistical expression of rupture strain, ultimate strain, and stress based on a reliable database consisting of about 1000 test results. As shown in this series calibration, when the unconfined concrete strength remains relatively low, like f c0 * is 33.68 MPa in specimen XY-1, the prediction of both Lam and Teng (2003) 's model and the proposed modified model become similar. However, with the increase of f c0 * and the confinement effect of FRP fibers, the difference between the two models becomes more and more conspicuous in the prediction of ultimate condition when calibrated with the test results.
Second, the transition points, which are the critical points between the first parabola branch and second linear branch, can be more accurately predicted by a modified model. This is mainly because of the modification of the value of the intercept stress f 0 , which further influence the transition strain ε t and transition stress f t . According to Eq. (4), the strain-hardening stiffness E 2 is also directly related to the intercept stress, so these modifications have made the predicted envelope trend be exactly consistent with that of the test results. Therefore, the modifications aforementioned can make the modified model more practical and accurate, especially for high-strength FRP confined concrete.
Cyclic loading full strengthening column tests
In terms of the hysteretic response of FRP confined members, the experiments can be much more complicated compared to monotonic ones, but also to numerical modeling. These FRP confined members tested by Ozbakkaloglu and Saatcioglu (2006) were subjected to a cyclic lateral load, and they were fully strengthened by an FRP tube along the whole members. The selected circular members have a height of 1720 mm and a diameter of 270 mm. The elastic modulus of the FRP tube is 227 GPa, and the nominal thickness is 0.165 mm per ply. The unconfined concrete strength is 49.7 MPa, and the yield stress of eight deformed bars (No. 15) is 500 MPa. The experimental results indicated that the mechanical performance of FRP confined members was conspicuously improved owing to the confinement effect on the increased concrete strength. condition of each cycle can be accurately calculated in consistence with the calibration of the axial loading simulation, and the aforementioned fourth modification about the simplified hysteretic rule can efficiently capture the mechanical behavior during the whole cyclic loading process. It is worth pointing out that Lam and Teng (2003) 's model can only be applied in FRP wrapped confined concrete, while the modified model is extended to be able to depict both FRP wrapped and FRP tube-encased confined concretes.
Cyclic loading partially strengthening tests
The final verification study compares the computational results to a series of typical partially strengthening experiments performed by Shan et al. (2006) . As to the existing bridge, this type of strengthening is quite common in China or some other countries. All the test members have a height of 1500 mm and a diameter of 375 mm, and the concrete strength has a range of 34.0 MPa to 41.4 MPa.
To be more practical and economical, the FRP jackets were partially wrapped around the columns concentrating on the vulnerable pier bottom. Take member CCR1 as an example, four layers of FRP jacket were wrapped around at the bottom, while two layers went around the 400 to 800 mm section from the bottom and no FRP confinement above.
The material and geometric properties of the test members are listed in Table 3 , and it is obvious that the main difference between the two specimens is the FRP type used for retrofit. Specimen CCR1 is retrofitted by CFRP, while specimen CGR1 is wrapped by GFRP. Generally, the elastic modulus of GFRP is much smaller than CFPR. Nevertheless, the hysteretic response of partially strengthening members with different types and layers of FRP jackets can be both predicted well by the modified model with a uniform expression (Fig. 5) . The load deformation curves show a strong correlation for the most part of the cyclic loading process, except for some specific loops.
Conclusions
A modified uniaxial constitutive model for FRP confined concrete in circular sections has been proposed and successfully embedded into OpenSees through new material secondary development. With a series of numerical implementations calibrated against test results, the feasibility and accuracy of the proposed modified model were comprehensively verified. Several conclusions can be drawn.
1. The modified model has raised four main modifications based on a prevalent model proposed by Lam and Teng (2003; 2009) . The modifications emphasized on the FRP rupture strain, ultimate stress and strain, intercept stress and hysteretic rules have been stated in detail, respectively. It is not only practical and so-called design-oriented, but also of better generality considering the concrete strength and FRP confinement types. 2. The computational efficiency of the fiber element method provided by OpenSees is conspicuous, and a fairly numerical precision also can be achieved at the same time. The process of a new material secondary development in OpenSees can be generally used for different materials, so that users can expand their material library according to their specific demand.
3. With numerical implementations covering a variety of load cases and FRP confinement types for FRP confined members, the utility and accuracy of the proposed model and new material secondary development in OpenSees have been well verified. The modified model performs better than Lam and Teng (2003) 's model in predicting FRP mechanic behavior, especially for high strength FRP confined concrete.
In terms of the hysteresis constitutive model, the storing and updating of history converged and state variables are significant to its implementation. Furthermore, to avoid recomputing the history variables necessary for path dependence and the state variables that determine the current status, it is better to set a series of converged variables to separate them from trial variables in head file UserMat.h. The detailed implementation of primary functions like envelope(), unload() and reload() is further explained together with the proposed constitutive model as shown in Fig. A3 .
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Appendix C: TCL command definition of UserMat
This step can realize the link of the user defined material and TCL script command, so that the main solver of OpenSees can call UserMat through TclModelBuilderUniaxialMaterialCommand.cpp. To this end, the format of UserMat command needs to be defined word by word as shown in Fig. A4 , and a new material will be completely embedded into the OpenSees material library.
Debugging the whole solution to get a secondary developed version of OpenSees with user-defined material built-in, then researchers can expand the function of OpenSees with a more specific and effective constitutive model fit for their research fields. Owing to the capsulation property of C++ language, OpenSees platforms do provide broad space and potential for secondary development in the future. 
